Effects of resistive-wall (RW) impedance on a 3-GeV storage ring of the KEK Light Source (KEK-LS) are presented. Cu sheets used for in-vacuum undulators (IVUs) are regarded as the main source of the RW impedance. Although the calculated heating power per unit length due to the longitudinal impedance is more than 20 W, it is not serious for the water-cooled IVUs. The maximum growth rate of the coupled-bunch instability caused by the transverse impedance is calculated and as a result, a transverse feedback system with the damping rate of more than 10 4 s -1 is required for the instability suppression. NEG coating of about 1 μm can be used for the KEK-LS vacuum pipe because increase of the heating power due to the NEG coating impedance is small and the effect on the transverse coupled-bunch instability is negligible.
INTRODUCTION
The KEK-LS is a 3-GeV storage ring of 20-cell HMBA (Hybrid Multi-Bend Achromat) lattice [1] , which is planned to be constructed as a successor of the two existing Photon Factory storage rings (PF ring and PF-AR) in the KEK Tsukuba Campus. In this ring, a lot of IVUs with a small magnetic gap (4 mm at minimum) will be installed and Cu vacuum pipes of a small aperture (12.5 mm in inner radius) will be normally used. In addition, NEG coating, having a low electric conductivity, will be utilized for the Cu vacuum pipe to ensure a sufficient beam lifetime early in the machine commissioning. In this paper, the heating power due to the longitudinal RW impedance and the maximum growth rate of coupled-bunch instability caused by the transverse RW impedance are calculated and the effects of the RW impedance on KEK-LS are discussed.
HEATING DUE TO LONGITUDINAL IMPEDANCE
The longitudinal RW impedance of a flat or circular metal pipe with the pipe wall thicker than the skin depth δ is approximately given by
Here ω, c, b, L, σ c , μ 0 , and Z 0 are angular frequency, the velocity of light, the inner radius for a circular pipe or half gap for a flat pipe, length, electric conductivity and permeability of the pipe and the characteristic impedance of vacuum. The permittivity and permeability of the metal are assumed to be equal to those of vacuum. A flat pipe corresponds to the IVU Cu sheet and a circular pipe to the Cu vacuum pipe. The heating power of the resistive-wall pipe is given by
where k loss , I total , Q 2 b , and f b are the loss factor, total stored current and bunch charge and frequency. For a Gaussian bunch with the bunch length σ t , the loss factor is expressed by
Here Z eff  is the longitudinal effective impedance, which includes the effect of the longitudinal bunch profile. The loss factor for the impedance of Eq. (1) is obtained by use of Eqs. (4) and (5) and given by the following expression:
The heating power per unit length is calculated for the IVU Cu sheet with a minimum gap of g u =2b=4 mm and the circular Cu pipe with a inner radius of b=12.5 mm.
In Eq. (7), the electric conductivity of copper is 5.9x10
7 Ω -1 m -1 and the bunch length is assumed to be 10 ps for the KEK-LS [1] . The total stored current and the bunch frequency are 500 mA and 500 MHz in the multi-bunch operation where all the bunches are identical and the bunch number k b is equal to the harmonic number of 952. The relatively high heating of the IVU Cu sheet requires a water cooling with the same power as in the PF ring.
COUPLED-BUNCH INSTABILITY DUE TO TRANSVERSE IMPEDANCE
The transverse RW impedance of a flat metal pipe with the pipe wall thicker than the skin depth δ is approximately given by
In the KEK-LS ring, 5m-class and 1m-class IVUs are installed in the long and short straight sections respectively.
The growth rate of the coupled-bunch instability in the lowest mode (the rigid dipole mode) is given by [2] 
Here E, ƒ 0 , ν t and β t are the beam energy, revolution frequency, betatron tune and betatron function at the impedance source. For k b bunches, there are k b coupledbunch oscillation modes characterized by a number μ=0, 1, …, (k b -1) specifying the phase shift between bunches. The chromaticity is assumed to be zero here. Figure 1 shows the maximum growth rates of a 5-m IVU in the long straight section with the averaged betatron function of 3.25 m and a 1-m IVU in the short straight section with the averaged betatron function of 1.39 m as a function of vertical betatron tune. The transverse RW impedance dependence on frequency results in the maximum growth rate to be inversely proportional to the square root of 1-Δν y , with Δν y the fractional part of the vertical betatron tune. The sum of the two maximum growth rates is 1050 s -1 for 1 cell and 21000 s -1 for 20 cells at the present vertical betatron tune of 17.62. Therefore a transverse feedback system with a damping rate of more than 10000 s -1 is needed to suppress the transverse coupled-bunch instability. Such a fast transverse feedback system is operated in the PF ring for suppression of the beam instability due to ion trapping [3] . Increasing the chromaticity reduces the coupled bunch instability growth rate, but can increase higher modes instabilities grow rate, which cannot be damped by the feedback system. 
EFFECTS OF NEG COATING
Longitudinal resistive-wall impedance of a two-layer circular metal pipe should be used to evaluate the effect of NEG coating on the resistive-wall heating of the KEK-LS vacuum pipe and can be expressed analytically as Eq. (12) [4] .
Here b, L, d, σ 11,2 and δ 11,2,2 are the inner radius and length of the pipe, the thickness of the inner layer, the electric conductivities and the skin depths of the inner and outer layers. The thickness of the outer layer is assumed to be infinite or thicker than the skin depth. The broken lines show longitudinal impedances for pure Cu and NEG pipes with the same inner radius and the conventional expression of Eq. (1) for the pure Cu pipe.
These results show that the longitudinal impedances of the NEG-coated Cu pipes deviate at high frequencies from that of the pure Cu pipe(d=0 μm) and approach to that of the pure NEG pipe (d→∞) around the frequency f d where the skin depth of NEG is equal to the NEG coating thickness. However the effective impedance of the NEGcoated Cu pipe with d=1 μm is not so changed from that of the pure Cu pipe because the bunch length of 10 ps is longer than 1/2πf d and consequently the loss factor and heating power are expected to only slightly change. Figure 3 shows the calculated heating power per unit length as a function of NEG-coating thickness. The heating power significantly increases above the NEG thickness of ~ 2 μm and saturates around 10 μm. On the other hand, as expected from the effective impedance in Fig. 2 , the heating power for NEG coating thickness of 1 μm is almost unchanged and is higher by only less than 10 percent than that of the uncoated Cu pipe (d=0 μm). The transverse impedance of a two-layer circular pipe can also be obtained with an analytical expression [6] , not shown here for lack of space. Figure 4 shows the real parts of the calculated transverse impedances of NEGcoated Cu pipes (d=1, 3 and 10 μm) and the effective impedance for d=1 μm and σ t =10 ps. As for the longitudinal impedance, the transverse impedances of the NEG-coated pipes change from the one of the pure Cu pipe to the one of the pure NEG pipe at frequencies around f d . The effective impedance of the NEG-coated Cu pipe with the coating thickness of 1 µm remains almost unchanged from that of the uncoated Cu pipe because of the relatively long 10 ps bunch length. Moreover the dominant frequency for the growth rate of the transverse RW coupled-bunch instability is (1-Δν y )f 0 and much lower than f d . Therefore the effect of NEG coating of 1 μm at least on the transverse coupled-bunch resistive-wall instability is neglected. 
CONCLUSIONS
The heating power per unit length reaches about 25 W at the IVUs of KEK-LS. However it is tolerable in the normal multi-bunch operation for the water-cooled IVU system. From the calculated maximum growth rate of the transverse coupled-bunch instability, a transverse feedback system with the maximum damping rate of higher than 10 4 s -1 is needed for suppressing the instability. NEG coating of about 1 µm or less can be applied to the vacuum pipe of the KEK-LS ring to achieve ultra high vacuum against the small aperture of the vacuum pipe, because the consequent increase of the heating power and of the instability growth rate can be considered negligible.
